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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

THEORETICAT, ROCKET PERFORMANCE QF JP-4 FUEL WITH MIXTURES
OF LIQUID OZONE AND FLUORINE

By Vearl N. Huff and Sanford Gordon

SUMMARY

Theoretical rocket performence was calculated for JP-4 fuel with
mixtures of ozone and fluorine. The data were estimated by means of a
heat-correction equation using data for JP-4 fuel with mixtures of oxygen
and fluorine. The estimated values were checked with several direct cal-
culetions. The estimated data were based upon equilibrium composition
during expansion, while the directly computed data were obtained for both
equilibrium and frozen composition during expansion.

The meximum value of specific impulse was 334.9 pound-seconds per
pound for & combustion-chamber pressure of 600 pounds per square inch
gbsolute and an exit pressure of 1 atmosphere.

INTRODUCTION

Liquid-fluorine - liquid-ozone mixbtures might serve as high-energy
oxidants for rocket propellants. A mixture of liquid fluorine and liguid
oxygen has been shown to give better performaence with hydrocarbons than
either 100 percent fluorine or oxygen (ref. 1). This is due to the pref-
erential burning of fluorine with hydrogen and oxygen with carbon.

The substitution of liquid ozone for ligquid oxygen provides the
sdvantages of greater energy and density. Available information indi-
cates thet liquid-fluorine - liquid-ozone mixtures may be stable. If
steble mixtures can be produced, this oxidant might hsve practical appli-
cation. The performance of fluorine-ozone mixtures on the assumption of
chemical equilibrium during expansion may be obtained from the perform-
ance of fluorine-oxygen mixtures for chemical equilibrium by applying a
simple correction for the increased heat of reaction. A formuls for such
a correction is given in reference 2. The present report gives the spe-
cific impulse of fluorine-ozone mixtures with JP-4 fuel obtained with
this correction equation and compares it with several direct computations.

[ iui"li:
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CALCULATION OF PERFORMANCE DATA

The performance data presented in this report were celculated by two
methods. The first method estimates performance by means of a heat-
correction equaetion. The second method obtains performence by direct
calculation.

Estimated Performance

Specific-impulse date for fluorine-oxygen mixtures with JP-4 fuel
were corrected for the difference in heat of reaction between oxygen and
ozone to obtain estimated date for fluorine-ozone mixtures with JP-4 fuel.
The heat required to convert 1 gram of liquid oxygen at its boiling point .
to liquid ozone at its bolling point is gbout 726 calories per gram (ref.
3). The difference in heat per gram of propellant due to the use of '
ozone Instead of oxygen 1ls given by a )

Ah = 726 (1 - x) ¥y (1)

where . x is the weight fraction of fuel in the propellant and y 18

the weight fraction of ozone in the oxidant. (Symbols are defined in the
sppendix.) The specific impulse corrected for this etergy difference is :
given by : . - .

12=I§+aAh+bAh2 ' (2)

where . _ —

Te
g = 87.0132 |1 - T
c/l

b = 87.2132 E% [ cl)' - {cl) ]
Tc ! pie pfe 1

and the subseript 1 indicates the value of the parameters before the
change is made. -Equation (2) is derived in reference 2 and is restricted
to the assumption of chemical equilibrium during expasnsion. A numerical
example of the use of equetion (2) is given in reference 4.

The value of 726 calories per gram used in equation (1) was obtained
from hest of formatlon and heat of vaporization date in reference 5 and
specific heat deta for ozone calculated from spectroscoplc data of ref-
erence 6. More recent daste quoted in reference 7 give a value of 711
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calories per gram. This difference affects specific lmpulse in this
report by less than 0.25 pound-second per pound.

Direct Computation of.Performance

The estimated performmnce data obtained by means of equation (2)
were checked by several direct calculations. The general method used to
obtain directly computed date 1s described in reference 3.

Assumptions. - The calculations were based on the following usual
assumptions: perfect gas law, edisbatic combustion at constant pressure,
isentropic expansion, no friction, homogeneous mixing, and one-
dimensional flow. The products of combustion were assumed to be graphite
and the following ideal gases: atomic carbon C, carbon monofluoride CF,
carbon difluoride CFp, carbon trifluoride CFz, carbon tetrafluoride CFy4,
difluoroacetylene CgoFgp, methane CHy, carbon monoxide CO, carbon dioxide
COg, atomic fluorine F, fluorine Fp, atomlic hydrogen H, hydrogen Hs,
hydrogen fluoride HF, water H30, atomic oxygen O, oxygen Op, and the
hydroxyl radical OH. The combustion products were assumed to be expanded
completely within the exit nozzle, that 1s, exit pressure equals ambient
pressure. The graphite was assumed to be finely divided and in tempera-
ture and velocity equilibrium with the gases during the flow process.

Thermodynamic data. - The thermodynamic dats for all combustion
products except graphite, methane, the fluorocarbons, and wabter were
taken from reference 3. Data for graphite were taken from reference 8,
carbon monofluoride from reference 9, the remsinder of the fluorocarbons
from reference 10, and water from reference 1l. Deta for methane were
determined by the rigid-rotator - harmonic-oscillator epproximation using
spectroscoplc data from reference 6. The base used 1n this report for
assigning absolute values to enthalpy is the same ss in reference 3.

The dissociation energy of fluorine was taken to be 35.8 kilocalories
per mole, and the heat of sublimation of graphite at 298.160 K was teken
to be 171.698 kilocalories per mole (ref. 5). The heat of solution of
oxygen and fluorine was taken to be zero.

Viscosity data. - The theoretical viscosities for the gases in this
report were calculsted by means of three types of equations or estimated.
The viscosity data for CHy, CO, COy, Fgp, Hp, and Oy were calculated by
the method of reference 12. The viscosities of C, F, H, HF, O, and OH
were calculated by the method of reference 13, which assumes that the
logarithm of viscosity is & linear function of the logerithm of tempers-
ture. The viscosity of Hp0 was obtained by means of & Sutherland equa-

tion (ref. 14). The viscosities of CF, CFy, CFz, CF,, and CF, were
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teken to be equal to those of CO, COp, CHz, CHy, and CgHp, respectively.

The method used to obtain the viscosities and conductivities of mixtures
of combustion products 1s given in reference 4.

Physical and thermochemical daeta. - The properties of the fuel used

in these calculations are typical of the JP- -4 fuel delivered to this
leboratory over a period of 2 years. The JP-4 fuel was assumed to have

a hydrogen~to-carbon weight regtio of 0.163 (atom ratio of 1.942), a lower
heat of combustion value of 18,640 Btu per pound, and a specific gravity
of 0.769. Additional properties of Jet fuels may be found in reference
15.

Several properties of fluorine and ozone taken from references 3, 5,
7, and 16 are listed in table I. Additional data on ozone maey be found -
in reference 7. :

Method of calculation. - The calculsgtion procedures and the formulas
used are the same as described in reference 4.

Accuracy of results. - The values preféented for enthalpy, entropy,

and specific impulse appear to be computed correctly to all figures tab-

ulated. The temperature and moleculsr weight may in some cases be in
error by a few figures in the last place tabulated. The derivatives may,
in reglons where they ere changing rapldly, be in error by a few percent.
However, because of uncertsintlies in thermodynamic data used, all values
are probably tebulated to more places then are entirely significant.

THEORETICAI. PERFORMANCE DATA
Tables - -

The theoretical specific iinpulse obtalned by direct calculstion and

. 2BT¥

estimated by means of equation (2) is-given in tsble II. The data used

in equation (2) were obtained from results previously computed at this
leboratory both published (refs. 1 and 4) .and unpublished (including spe-
cific heat data for ref. 1). The estimated values of specific impulse
are from 0.2 to 0.8 pound-second per pound lower than the directly cal-
culated values for the five poilnts for which both values were calculated.
It is expected thet the other estimated values given in table IT are in
error by about the same amount. )

The maximum value of specific impulse is 334.9 pound-seconds per
pound for a combustion-chamber pressure of 600 pounds per squere inch
absolute and en exit pressure of 1 atmosphere.

The calculated values of performence parameters and combustion prod-
ucts obtained by direct calculations are given in tables IIT to VI,
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The properties of gases in the coubustion chamber and the character-
istic velocity are given in table ITI. The equilibrium values of specific
heat, isentropic exponent, and characteristic veloclty include the energy
of dissocistion. The equilibrium specific heat was calculated by means
of equation (37) in reference 3. The equilibrium isentroplc exponent

d 1ln P)
T=

IIns), was computed by means of equation (32) in reference 3.

The frozen values of specific heat, isentroplc exponent, and character-
istic velocity do not include the energy of dissociation and are computed
by the conventional formulas (see ref. 17).

Tebles IV and V present the values of performence pesrameters and com-
bustion products at assigned temperatures and constant entropy. The
values were computed directly and used to interpolete properties at the
assigned pressure ratios given in teble VI. A discussion of the use of
derivatives such as ny, np, and (AM/3T), is given in reference 4. Mole
fractions were computed for all 19 substances considered in this report,
but those substances are omitted from teble V whose mole fractions are
less than 5x10-6 for all temperatures shown for a given equivalence ratio
r and fluorine-to-oxygen stom ratio B.

Table VI presents performance date at various assligned pressure
ratios from 1 to 300. Reference 4 gives an exemple of the use of data at
the low pressure ratios to obtain pressures at the Injector face.

Figures

The specific-impulse data of table ITI for a pressure ratio of 20.41
are plotted in figure 1. The meximum value of specific impulse is 309.0
at an equlvalence ratio of 1.508 for a fluorine-to-oxygen atom ratio of
1.942. )

Figure 2 presents the maximum value of specific impulse for any per-
cent fluorine in the oxidant. A curve of maximum specific impulse for
oxygen instead of ozone is given for comparison.

The increase in maximum specifilc impulse due to the substitution of
ozone for oxygen is summerized in the following table { combustion-
chamber pressure, 600 Ib/sq in. sbs; exit pressure, 2 atm; pressure ratio,
20.41):
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Fluorine Specific impulse, I, lbfsec/lb Increase in spe-
In oxident,|[7p-21 fuel plus |JP-4 fuel plus cific impulse,
percent by |ejyorine-oxygen|fluorine-ozone Ib-sec/1b
welght |npixture mixture
0] 262.3 284.3 22.0
40 281.7 295.4 13.7
70 301.0 309.0 8.0

Figures 3 and 4 present data computed by direct methods. Figure 3
shows specific impulse as a function of the logerithm of pressure ratio
for frozen and equilibrium composition during expansion. The equilibrium
values are from about 7 to 12 percent higher than the frozen values.

The specific-impulse exponent ny is also given.

Figure 4 presents tempersture plotted against the logsrithm of pres-
sure ratio for frozen and equilibrium composition during expansion. Also
shown is the temperature exponent nq. - 5

SUMMARY OF RESULTS

Rocket performance date are presented for JP-4 fuel with mixtures of
ozone snd fluorine. Specific-impulse data were estimated by means of a
heat-correction equation from data for JP-4 fuel wilth mixbtures of oxygen
and fluorine. The estimated datse were checked for several cases by direct
calculations. The difference in specific ‘impulse between the estimaeted |
and directly calculated values was from 0.2 to 0.8 pound-second per
pound. This difference is negliglble for Tany epplications.

The meximum specific lmpulse for a combustion-charber pressure of
600 pounds per squere inch gbsolute is 309.0 and 334.8 pound-seconds per
pound for pressure ratios of 20.41 and 40.83, respectively. :

Lewls Flight Propulsion Leboratory - -
Netional Advisory Committee for Aeronautics
Cleveland, Ohlo, November 26, 1956

oA} 1

G

1



NACA RM ES56K14 7

[ny

),

APPENDIX - SYMBOLS
nozzle area, sg in.
coefficient of thrust; Cp = goI/c¥ = F/P,A,
specific heat at constant pressure, (3h/dT)p, cal/(g) (°K)
characteristic velocity, 8cPcAt/W: ft/sec
thrust, 1b

gravitationael conversion factor, 32.174 (1b mass/lb force)
(£t/sec?)

sum of sensible enthalpy and chemical energy, cal/mole

sum of sensible enthalpy and chemical energy per unit mass,

zi: ny (BR)y

M(T - o, » cal/e

specific impulse, 1b force-sec/lb mass

niMy

___:—E;’ g/g-mole or lb/lb-mole

molecular weight, T

derivative of molecular wiight wlth respect to temperature at
constant entropy, (°K)~

mole fraction

specific~-lmpulse exponent for fixed pressure ratio, (g iﬁ P ) /
c/pP./P
c

temperature exponent for fixed pressure ratio, %—%Q—%—>
/
c

static pressure (sum of partial pressures), lb/sq in.

partial pressure, lb/sq in.
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R unilversal gas constant (consistent___units) -
r equivelence ratio, ratio of four times the number of carbon atoums
plus the number of hydrogen atoms to two times the nuwmber or

oxygen etoms plus the number of fluorine atoms in propellant,

4(C) + (H : -
2(0) + (F -
S; entropy at pressure of 1 atmosPherg , cal/ (mole) (°x)
3, ni(ST)i 1 Rzpjln(pJ/lé 696)
s entropy per unit mass, l‘ji(l . Dk) i
T temperature, °K o -
W mass-flow rate, 1lb/sec =
X welght fraction of fuel in propellsant
¥y welght fraction of ozone in oxident
& oxidant-to-fuel mole ratio )
B fluorine-to-oxygen atom ratio ; ~
T isentroplc exponent, 9 iﬁ f})s
o] density, lb/cu in. .
Subscripts:
c combustion chamber
e nozzle exit — e
i product of combustion including both gaseous and solid phases
J gaseous product of combustlon
k solid product of combustion (graphite) -
P constant pressure

P / P constant pressure ratio
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1

constant entropy
nozzle throsat

reference point
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TABLE I. - PROPERTIES OF OXIDANTS

Properties Fluorine Ozone
Molecular weight, M 38.00 48.00
Density, g/cec 21.54 b1.46

e1.571

Freezing point, °C d_217.96 e_192.7
Boiling point, ©C d.187.92 | %-110.51
Enthalpy required to convert

liquid at boiling point to

gas at 25° C, keal/mole f3.020 3.8
Enthalpy of veaporizetion,

keal /mole &1.51 b,.59
Enthalpy of fusion,

keal/mole 10.372

@At -196° C (ref. 16).
Pat -112° ¢ (ref. 7).
CAt -183° C (ref. 7).
dRer. 5.

SRef. 7.

TRer. 3.

€at -187.92° C (ref. 5).
bat -110.51° C (ref. 5).
1At -217.96° C (ref. 5).
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TABLE II. - THEORETICAL SPECIFIC IMPULSE OF JP-4 FUEL WITH MIXTURES OF LIQUID FLUORINE AND OZONE

{Combustion-chamber pressure, 600 1B/sq in. &bs.]
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TABLE IITI. - THERMODYNAMIC PROPERTIES OF COMBUSTION GASES FOR JP-4 FUEL AND MIXTURES OF
LIQUID FLUCRINE AND OZONE

[Combustion-chamber pressure, 600 1b/sq in. ebs.]

Fluorine-|Fluorine {Equivalence|Fuel, |Temper-|Molecular|Enthalpy,|Entropy, [Specific |Isentropic|Character-
to-oxygen|in oxidant,ratio, percent |ature |welght, h, 8y heat, exponent, [Ilstle
atom percent by r, by T, M calfg cal eps T veloolty
ratilo, welght 4(C) + (H) |welght 9K (&) (oK) cal c¥*,
B 2(0) + (F T&) (%) ft/aec
Equilibrium composition
(a) (a) (a)
0 0 1.508 30.70 3B3L 20.74 3914 2.954 1.887 1.145 6383
.5 37.25 1.508 25,78 4100 20.31 3636 2.903 1.6865 1.182 66357
1.0 54,29 1.508 23.30 4329 20,26 3495 2.848 1.485 1.171 6809
1.942 69.75 1.47 20.48 4602 20.62 3319 2.749 1.481 1.168 6964
1.942 69,75 1.50 20,81 4609 20.52 33585 2.758 1,490 1.168 6985
1.942 69.75 1.508 20.89 4608 20,51 3359 2,759 1.494 1.167 €986
Frozen compositlon
(b) (b) (b)
0 0 1.508 30,70 3831 20.74 3914 2.954 0.4992 1.238 6198
5 37.25 1.508 25.78 £10C 20,31 3656 2.803 .4522 1.276 6407
1.0 54.29 1.508 23.30 4329 20.26 5495 2.845 4290 1.298 6555
1.942 69.75 1.47 20,48 4602 20.62 3319 2.749 4046 1.313 6670
1.942 69.75 1.50 20.81 4609 20.52 3355 2.758 .4069 1.312 6691
1.942 69.75 1.508 20,89 4606 20.51 3359 2.759 4074 1.312 6690

aEnergy of digsociation included in computation of property valle.
bEnergy of diesocistion excluded in computation of property value.

FTHISH WH VOVH
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LCombustion-chember pressurs, 600 1b/sq in. abs.)

{(a) Equilibrius composition during isentTopio expansion or compression.
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[Combustion-chamber pressure, 600 lb/sq in. aba.l

THEORETICAL ROCEKET PERFCORMANCE AT ASSIGNED TEMPERATURES FOR

(b) Frozea compositlon during isentrople expansion or compressioca.

JP-4 FUEL WITH MIXTURES OF FLUCRINE AND OZONE

NACA RM ES6K14
TABIE IV. - Concluded.
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{Combustion-chanber pressure, 600 1h/pq in. abs.]

ASSIGNED TEMPERATURES FCR ISENTROPIC EXPANSION OR COMPRESSION®
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TABIE V. -~ EQUILIERIUM COMPOSITION OF PRODUCTS OF REACTION AT COMBUSTION TEMPERATURE AND AT

16

0.

8Compositions glven as mole fractions; those less than Bx10-8 are shown as

boombustion-chamber conditions.
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[Ccnmbustion-chamber pressure, 600 1b/sq in. abs.]
(a} Bquilibrium composition during isentropic expansion.

OZONE AND FLUCRINE WITH JP~-4 FUEL

NACA RM ES56K14
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{Combustion-chamber pressure, €00 lb/sq in. abs.]
{b) Frozen composition during isentroplc expansion.

P = O:(pure ozone); r = 1,508 (30,70 peficent fuel)

THECRETICAL ROCKET PERFORMANCE AT VARIOUS FRESSURE RATIOS FCOR
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B = 1.942 (69.75 percent fluorine); r = 1.47 (20.48 percent Tuel)
[}
B« 1.942 {89.75 percent fluorine); r = 1.50 (20.81 percent fuel)

B = 1.942 (69.78 percent fluorine);

MIXTURES OF LIQUID OZONE AND FLUCRINE WITH JP-4

B w 0.5 (37.25 perasnt fluorine); r = 1.508 (53.78 percent fuel)
7
7
7T
8
8
B = 1.0 (54.29 peroent fluorine); r = 1.508 (25.%0 percent fuel)
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Specific impulse, I, lb-sec/lb

312 | T l
Fluorine-to-oxygen
atom ratio, B
|
(]
P 1942
308 /e">
’/ \\ 2.0 R
/ —l— \2_1 ‘ \‘1.6
\\
304 2.2
A 1.0 2.5
300
Direct
compute- _|
296 tions at
B of -
o L .0.5 _
o 1.942
a 1.0
292 - 0'5 -
- 0.2
288 ,,l
284 ./,/ %
)/
280
1.4 1.5 1.6 1.7 1.8

Equivealence ratio, r

Figure 1. - Theoretical equilibrium specific
impulse of JP-4 fuel with liquid-ozone -
liquid-fluorine mixtures. Data calculsted
by means of equation (2). Combustion-
chamber pressure, 600 pounds per square inch
ebsolute; isentropic expension to 2 atmos-
pheres; pressure ratio, 20.41.
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Specific impulse, I, lb—sec/lb

NACA RM ES6K14

1 1 Y L 1 1 T ‘ L
Fuel Po/Pe Nozzle-exit
Pressure, P,,
- .. atm o 1
JP-4 plus 40.83 1. . =
n (05 + 58F5) i -
— — — P-4 plus 20.41 : =
2 -
| a(0z ""2‘55‘2) e <
— = — JP-4 plus 20.41 2 (Corrected from
a(0p + gFp) ref. 1 date for
340 [ . ‘P = 300 1b/sq in. 1
‘ebs and P, = 1 atm)
330 \
320 4 _ \\
%/ )
310 \
L
/N
70\
'/
7 o \\
300 > £ f b \
7 % \ A
7
- NN
29 o >
0 e ’ - A)
- 4 N \
-~
- - // \\ o
! AN
280 /’
/
270 /’
) .
260 . ,
0 20 40 60 .. 8d - %00

Fluorine in oxidant, percent by weight

Figure 2. - Theoretical specific impulsé of JP-4 fuel with
liquid-ozone - liquid-fluorine mixtureg and with liquid-
oxygen - liquid-fluorine mixtures at equivalence ratIds for
which equilibrium specific lmpulse is maximm. Isenfropic
expanelon from 600 pounds per square inch abgolute fo
pressure ratio indicated sssuming equilibrium composition.
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Specific impulse, I, 1b-sec/lb

400 Fluorine-to-oxygen-
atom ratio, B
L
Specific~impulse 1.942
380 exponent, ny _ 1.0
0.09/ 5
7 /
360 /’//// /01
<
: y @ | 1.ea2
340 ) /'15-
F *
.ol A1 |~ — |~ 1.5
yd V4 ,/’, e - ol | 10
7 / // /’ L~ = /'P P 4
320 Lz i N ]
.01 @ // // - -
// A /’/ ~ -~
A . L~
( L~ P P
e J/ ~
A 7 A Composition
4, — Z |
L///, g Equilibrium
280 1 - — —— TFrozen |
//
»
260
1.3 1.5 1.7 1.9 2.1 2.3 2.5
Log, P./P

Figure 3. - Theoretical specific impulse plotted mgainst

logarithm of mozzle presswre ratio for JP-4 fuel with
liquid-ozone - liquid-fluorine mixtures at equivalence
ratio of 1.508. Isentropic expansion from combustion-
chamber pressure of 600 pounds per squere inch sbsolute.
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Temperature, T, °k
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4600 — - - .
Temperature . T
\ exponent, np
0.04
4200 AN \
VN \
\\\ \\\ g
\ \\ .03 _
3800 \ Fluorinesto-oxygen
x \\9\\\ \ stom ratio, B
\N‘\‘Y \ N f—l-942
\ \ \ .02 /Y 9
3400 N— ‘\\\ \ = .5
\ \ \ /-O .
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N PYIAY N\ 01
3000 1.942 - < PNy
1.0— I\ N :
.5 4’L\\ q \ o
o Q \ \\
2600 A NN
N\ \ \
\\\ ‘\ h
2200 Q\
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N
1800 N N
Composition \\\
Equilibrium \\~ ~
1400 ~ — — — Frogzen Y
~
‘ 0.5
1000 /l 942 V‘¢~0
0 iy .8 1.2 1.6 2.0 2.4
Logy B, /P -
Figure 4. - Theoretical nozzle-exit temperature plotted against

logerithm of nozzle pressure ratio for JP-4 fuel With liquid-
ozone ~ liquid-fluorine mixtures at equivelence ratio of 1.508.
Isentropic expansion from combustion-chember pressure of 600
pounds per square inch absolute. .
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